ABSTRACT: Adenovirus (Ad) has been used in vivo and in vitro as a vector to carry a foreign gene for efficient gene delivery into various cell types and tissues of animals. The aim of the current study was to evaluate the Ad delivery system in primary avian cells. Primary cells isolated from the embryonic pectoralis major muscles of the chicken and quail were cultured and incubated with human recombinant Ad serotype 5 (Ad5) containing sequences encoding either the green fluorescence protein (GFP) gene alone, as a tracking marker, or both GFP and murine 3-hydroxyisobutyryl-CoA hydrolase (mHIBCH) as a target gene. The fluorescent GFP images showed the successful delivery of a target gene using Ad5 in the primary avian cultured cells. In addition, immunostaining of the myosin heavy chain (MyHC) in these cells indicated that a large population of the cells was myogenic. Colocalization of GFPpositive cells with MyHC staining was mostly found in MyHC-negative cells, indicating successful delivery of Ad5 into a large population of mononucleated cells. Furthermore, the current fluorescence study detected the dual expression of GFP and mHIBCH protein in GFP-positive cells. Finally, Western blot analysis confirmed that the Ad-mediated expression of mHIBCH protein was specific in primary cultures of avian myogenic cells and that the mHIBCH protein expression was continued for 15 d after infection in chicken primary cells. These data demonstrate that Ad5 is a feasible tool to express foreign genes in primary cultured cells of avian species, providing a new approach to study the function of genes of interest in muscle development and metabolism.
INTRODUCTION
Modification of gene expression and function has emerged as a promising approach to understand gene functions that may find an application in basic and applied animal research. Adenoviral (Ad) vectors have been developed as a method of the gene delivery system and are currently used in many human cell types and other animal species for gene therapy (Brunori et al., 2001; Jogler et al., 2006) . Advantages of Ad vectors include relative ease of DNA manipulation, infection of dividing and nondividing cells, greater levels of gene expression, rare incidence of integration into the chromosomes of host cells, the ability of the Ad vectors to accommodate larger gene inserts, and their extended duration of Ad-mediated gene expression (Lee et al., 1995; Kochanek et al., 2001; Young et al., 2006) .
Among the 50 unique Ad serotypes, the human Ad serotype 5 (Ad5), used in the current study, is being studied for the treatment of cancer and genetic diseases in humans (Crystal et al., 1994; Addison et al., 1995) . Bergelson et al. (1997) showed that Ad5 successfully enters into the host cells through the attachment of the Ad fiber knob protein to the Coxackie and adenovirus receptor (CAR) of host cells, a critical step for the infection of Ad5 in different species of animals. Several studies, including ours, have demonstrated that Ad5 efficiently delivers genes of interest into cells or tissues in the mammalian species (Jacobs et al., 1994; Lee et al., 1999; Fan et al., 2002; Quesada et al., 2007) . However, the feasibility of the human Ad vector system has not been evaluated in primary cultured cells isolated from embryonic muscles of the chicken and quail. Therefore, the current studies tested whether Ad5 is an effective 
MATERIALS AND METHODS
Animals were sampled under guidelines of the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 1999) .
Avian Primary Cell Cultures
Chicken and quail eggs were provided by The Ohio State University, Ohio Agricultural Research and Development Center, Poultry Research Center, Wooster. Embryonic pectoralis major muscle tissues of the chicken and quail were dissected from 11-and 10-d-old embryos, respectively. The isolation and culture of primary cells from pectoralis major muscles was performed as described previously ). All primary avian cells were cultured 3 to 4 d for the studies of Ad5 transduction and dual expression of Ad5 containing a target gene or cultured 15 d for a duration study of Ad5 transduction. After the periods of time indicated in Figures 1 and 2 , the cells were collected and lysed for Western blot, or fixed in 10% buffered formalin for immunohistochemical analysis.
Cloning of HIBCH Gene, Ad Construction, and Transduction
The entire coding sequence for the mouse 3-hydroxyisobutyryl-CoA hydrolase (mHIBCH; GenBank NM_146108) cDNA was amplified using a set of primers: mHIBCH-F (5′-TAG GCC ATG GGG CAG CCA TA-3′), and the reverse primer: mHIBCH-R (5′-GAT GTG TTG ACC TTT GCT CCA-3′). Cloning of mHIBCH by PCR, bacterial transformation, and the sequencing of cloned mHIBCH were performed as described previously (Shin et al., 2008) .
To generate recombinant Ad5 containing the mHIBCH cDNA, a commercially available pAd-Trackcytomegalovirus (CMV) Ad vector (American Type Culture Collection, Manassas, VA) was used. Homologous recombination, amplification, and infection of Ad were performed as described previously (He et al., 1998; Li et al., 2009 ). An Ad5 without mHIBCH was used as a control vector for the Ad5 containing green fluorescent protein (GFP) and mHIBCH genes. The titer of infectious virus particles was assessed using the cytopathic effect (CPE) assay as described previously (Lee et al., 1999) . The CPE value for Ad5 containing GFP (control) was measured as 1.6 × 10 11 pfu/mL; the CPE value for Ad5 containing GFP plus mHIBCH was 1.6 × 10 10 pfu/mL. Primary muscle cells (1.02 × 10 6 cells/ mL) obtained from chicken and quail embryos were infected with Ad5 containing GFP [multiplicity of infection (MOI): 7,000] for studying the feasibility of Ad5. For other studies on the dual expression of GFP and HIBCH protein, Ad5 containing GFP plus mHIBCH (MOI: 700) was used. The chicken primary muscle cells were incubated overnight with Ad5 containing GFP alone (MOI: 1,000) or Ad5 containing GFP plus HIBCH (MOI: 1,000) and cultured for an additional 15 d to determine duration of exogenous mHIBCH protein expression. 
Immunohistochemistry
Cell fixation, washing, and immunostaining of primary and secondary antibodies were followed as described previously (Li et al., 2009; Shin et al., 2009 
Western Blot
Cell lysis and Western blot analysis was performed as described previously (Li et al., 2009) . A rabbit anti-HIBCH (1:15,000) and β-actin (1:5,000, Santa Cruz Biotechnology, Santa Cruz, CA) antibodies were used as primary antibodies. A horseradish peroxidase-conjugated goat anti-rabbit and donkey anti-goat antibodies at 1:3,000 (Cell Signaling Technology, Danvers, MA) were used as secondary antibodies. The proteins were detected with an enhanced chemiluminescence system (ECL plus, Amersham Biosciences, Piscataway, NJ) and visualized on Hyperfilm (Amersham).
RESULTS AND DISCUSSION
For the evaluation of the gene delivery using the human Ad5 system in these avian species, primary avian cells isolated from embryonic muscles of the chicken and quail were cultured and infected with Ad5 containing the GFP gene only. As shown in Figure 1 , the expression of the GFP protein in the primary cells was detected under a fluorescent microscope, showing a high possibility for Ad5 gene delivery in avian cells. In addition, all primary cells seemed to undergo myogenesis spontaneously when considering the morphological evidence such as alignment or arrangement of primary cells and GFP-positive cells. To confirm whether these primary cultured cells are able to be formed into myotubes, immunostaining of MyHC protein, a well-known marker of muscle cell differentiation (Li and Johnson, 2006) , was performed. In addition, the co-localization of MyHC protein with GFP expression was assessed to determine whether GFP-positive cells can be found in myotubes. The immunostaining of MyHC protein in these primary cells clearly showed the red immunofluorescence staining on myotubes, indicating that a large population of the cultured cells of the chicken and quail are primary myogenic cells. This also suggests that the delivery and expression of a target gene can be generated in the primary cultured cells of avian species by using this Ad5 vector system. Nevertheless, a considerable population of GFP-positive cells was not overlapped with MyHC-positive cells. We suggest 3 possibilities: 1) existence of nonmyogenic cells such as fibroblasts that could be transduced by Ad5, 2) different activities of CMV promoter to drive GFP expression of Ad5 among cells at different stages of muscle development, such as less CMV activities of Ad5 in myotubes, and 3) difficulty of myotube formation from GFP-positive myogenic cells. However, the fiber-shaped GFP cells and a small population of GFPpositive cells in the MyHC-positive myotubes ( Figure  1 ) suggest that the GFP-positive cells may be myogenic cells that can undergo myogenesis.
To confirm further whether Ad5 preferentially transduces mononucleated cells over myotubes, Ad transduction was performed 3 d after initiation of differentiation when there are 2 populations of cells, multinucleated myotubes and mononucleated cells. As a result, predominant expression of GFP was found in mononucleated cells (data not shown). This strongly suggests that the Ad5 was efficiently and preferentially transduced into mononucleated cells rather than cells associated with myotubes. In addition, this indicates that less expression of GFP in myotubes may not be due to different CMV promoter activities at the different stages of muscle cell differentiation.
In fact, successful transduction of genes of interest into target cells by Ad5 is dependent on the entry of the virus via the CAR on the membrane of host cells. Because CAR expression was barely detectable in murine mature myofibers and muscles, overexpression of CAR overcomes the difficulty of Ad5 transduction into muscle cells and muscles (Kimura et al., 2001 ) and mature skeletal muscle (Nalbantoglu et al., 2001 ). This emphasizes the importance of CAR expression in muscle cells. Although avian CAR expressions were not studied, the successful transduction of primary cultured avian myogenic cells by our recombinant Ad5 system indicates that the mononucleated cell membranes of the chicken and quail could contain compatible receptors that are permissive for human Ad5 entry.
The AdTrack-CMV shuttle vector used in the current study contains 2 expression cassettes, accommodating both a target gene (mHIBCH cDNA) and the GFP gene, a convenient tracer of infected cells. To test the dual expression system of the recombinant Ad5, primary avian cells transduced with the Ad5 containing GFP and mHIBCH genes were stained with rhodaminelabeled antibodies specific to mHIBCH proteins. In this experiment, the small titer of Ad5 was used to avoid too much transduction, so noninfected and infected cells in the same images could be shown. The fluorescent images presented in Figure 2A showed that only the GFPpositive cells were stained with red fluorescence specific to mHIBCH protein, indicating that all avian primary myogenic cells infected with the Ad5 expressed both genes. Dual expression cassettes confirmed that Ad5 containing target genes successfully infected the target cells and that GFP is a reliable tracer for cells expressing a target gene.
To further confirm the protein expression of mHIBCH from Ad5 in primary cultured cells of the chicken and quail, Ad5 with or without the mHIBCH gene was transduced, and Western blot analysis was performed to detect the target protein mHIBCH. As shown in Figure  2B , protein bands corresponding to the expected molecular weight of mHIBCH (36 kDa) were detected in cells transduced with the Ad5 containing the mHIBCH gene. However, cells transduced with control Ad5 containing only the GFP gene did not show the presence of the mHIBCH protein. These data clearly demonstrate that primary avian cultured cells from chickens and quails exhibited efficient Ad5-mediated mHIBCH gene transfer and expression.
In addition, we also examined the duration of the Ad-mediated expression of HIBCH protein in chicken primary myogenic cell culture ( Figure 2C ). Exogenous mHIBCH protein expression was detected 2 d after transduction, increased to the maximum level at 7 d, and then was maintained for up to 15 d after transduction. Over the entire 15 d, the mHIBCH protein expression was not detected in the control cells infected with the control virus containing GFP. This indicates that mHIBCH antibodies did not detect endogenous avian HIBCH protein, but detected exogenous mHIBCH protein derived from Ad5 containing the mHIBCH gene. Taken together, the data show that the duration of Ad vector-mediated gene expression in chicken myogenic cells can be sustained for at least 2 wk. The persistent expression of a target protein allows for the study of the long-term effect of a target gene in embryonic muscle development and physiology.
In conclusion, the present study showed that human Ad5 has promise for transferring a foreign gene to primary myogenic cells of avian species, but the efficiency of its transduction into myotubes of all avian species was low during myogenesis. This system can be applied to future studies in elucidating the function of genes expressed in primary myogenic cells of avian species. In addition, studying and determining the function of genes of interest by using Ad5 will give new insight into avian muscle development and metabolism. 
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